Objective: Elevated levels of anti-EBNA-1 antibodies and infectious mononucleosis (IM) history have consistently been associated with multiple sclerosis (MS) risk. We aimed to study whether these aspects of Epstein-Barr virus (EBV) infection represent separate risk factors for MS and whether they both interact with MS-associated HLA genes in disease development.
INTRODUCTION
Multiple sclerosis (MS) is an inflammatory demyelinating disease in which the etiology involves both genetic and environmental factors. The HLA class II allele DRB1 * 15:01 exerts the single strongest effect (1, 2) , but several alleles within the HLA region have been shown to influence MS risk independently of DRB1 * 15:01 status, including A * 02:01 which is negatively associated with MS (2, 3) .
High levels of anti-EBNA-1 antibodies, which may be a marker of a deficient response to EBV infection, have consistently been associated with increased MS risk (4) . Another consistent finding is the association between history of infectious mononucleosis (IM), indicative of post-childhood acquisition of EBV infection, and increased MS risk (5) . However, it is unknown whether high anti-EBNA-1 antibody levels and IM history represent separate risk factors for MS.
Data from several studies suggest that the presence of DRB1 * 15:01 and high levels of anti-EBNA-1 antibody levels act synergistically to increase the risk of MS (6, 7) . In the largest study on this topic, DRB1 * 15:01 carriers without the A * 02:01 allele, with high levels of anti-EBNA-1 antibodies, had a 16-fold higher risk of MS than those who did not carry any of these factors (8) . Similarly, an interaction between the same MS-associated HLA genes and IM history has been observed (9) . No study has been powered enough to investigate the potential interaction between HLA genes and EBNA-1 status with regard to MS risk, taking IM history into consideration and vice versa.
Using two population-based case-control studies, we aimed to study whether an altered antibody response to EBNA-1 antigens reflects a higher prevalence of IM history among MS patients or whether elevated levels of anti-EBNA-1 antibodies and IM history represent separate risk factors. We also aimed to clarify what aspect or aspects of EBV infection interact with MSassociated HLA genes.
METHODS
This study is based on Epidemiological Investigation of Multiple Sclerosis (EIMS) and Genes and Environment in Multiple Sclerosis (GEMS), which are Swedish-population-based casecontrol studies, with a study base comprising the general population aged 16-70 years.
EIMS recruited incident cases of MS from neurology clinics between April 2005 and June 2015. Two controls per case were randomly selected from the national population register, frequency-matched for the cases' age in 5-year age strata, gender, and residential area.
GEMS identified prevalent cases, distinct from those in EIMS, from the Swedish National MS registry, and controls were randomly selected from the national population register, matched for age, gender, and residential area at the time of disease onset. The study participants were recruited between November 2009 and November 2011. All cases in both studies fulfilled the McDonald criteria (10) . Ethical approval for both EIMS and GEMS was given by the Regional Ethical Review Board at Karolinska Institutet, and all participants provided informed consent. 
Data Collection and Exposure Information
Information regarding environmental exposures and lifestyle factors was collected by means of standardized questionnaires. The response rate was 93% for cases and 73% for controls in EIMS and 82% for cases and 66% for controls in GEMS. The subjects were asked about a history of IM with the answer alternatives: "yes, " "no, " or "do not know." IM was recorded as either reported infection or no infection. Those who were unsure regarding a history of IM were excluded. All participants in both studies were asked to provide a blood sample, and those who did not were excluded. The number of subjects in each study is presented in Table 1 .
Genotyping and Measurement of Anti-EBNA-1 Antibody Levels
HLA-DRB1 and HLA-A alleles were determined at four-digit resolution. Genotyping was performed on the MS replication chip (11), which is based on an Illumina exome chip to which ∼90,000 custom markers were added with extra-high density in the HLA region, and HLA alleles were then imputed with HLA * IMP:02 (12) . A multiplex serological assay using beads loaded with recombinant glutathione s-transferase fusion proteins was used for detection of IgG antibodies against the EBNA1 peptide segment (aa 385-420) (13, 14) , which has been identified as the primary EBNA1 fragment associated with MS risk (9) . Duallaser flow-based detection was used to quantify the antibodies as units of median flourescence intensity. Anti-EBNA-1 antibody levels were dichotomized based on the median among controls, defining groups with high and low anti-EBNA-1 antibody levels. We also categorized anti-EBNA-1 antibody levels based on the 25th, 50th, and 75th percentiles among controls in order to perform a sensitivity analysis.
Statistical Analysis
Subjects with different HLA alleles and EBNA-1 status (and IM status) were compared with regard to MS risk by calculating odds ratios (OR) with 95% confidence intervals (CI) using unconditional logistic regression models. Trend test for a doseresponse relationship regarding anti-EBNA-1 antibody levels and risk of MS was performed by using a continuous variable for anti-EBNA-1 antibody levels in a logistic regression model.
We categorized subjects based on EBNA-1 and IM status and studied the influence of each factor in the absence of the other factor. When studying both factors simultaneously, causal mediation analysis was used to assess to what extent the relationship between past IM and MS risk was mediated by high anti-EBNA-1 antibody level and vice versa. The causal effects were estimated on the OR scale, and the CI values were calculated using the delta method (15) . Further, a potential interaction on the additive scale was calculated between high EBNA-1 antibody levels and IM status, using the relative excess risk due to interaction (RERI) together with a 95% confidence interval.
Potential interactions between HLA alleles and both aspects of EBV infection were also calculated. We studied the total threeway interaction between HLA-DRB1 * 15:01, absence of HLA-A * 02:01, and aspects of EBV infection (EBNA-1 status and IM, respectively) with regard to MS risk, comparing the joint effect of the three risk factors to the situation when each one acts separately. The total three-way interaction thus takes all twoway interactions and the three-way interaction into account. The interaction analysis on DRB1 Residential area assessment of ancestry was based on whether the subject was born in Sweden or not and whether either of the subject's parents had immigrated to Sweden. A subject who was born in Sweden and whose parents had not immigrated was classified as Swedish. The remaining subjects were classified as non-Swedish.
When appropriate we also adjusted for smoking, adolescent BMI, DRB1 * 15:01, and A * 02:01.
The time of the initial appearance of MS symptoms was used as an estimate of the disease onset, and the year in which this occurred was defined as the index year. The corresponding controls were given the same index year. Smoking habits were only considered before and at the index year. Subjects were classified into never smokers, current smokers (who smoked at the index year), and past smokers (who had smoked prior to the index year). Adolescent BMI was calculated by dividing selfreported weight in kilograms at age 20 years by self-reported height in meters squared and dichotomized into BMI ≤ 25 or BMI > 25.
We additionally adjusted the analyses for passive smoking (yes or no), sun exposure habits, education, and socioeconomic index, but these variables only had minor influence on the results and were not retained in the final analyses. Based on three questions regarding exposure to ultraviolet radiation (UVR) where each answer alternative was given a number ranging from 1 (the lowest exposure) to 4 (the highest exposure), we constructed an index by adding the numbers together and thus acquired a value between 3 and 12. Educational level was categorized into no post-secondary education, post-secondary education without university degree, or university degree. The last occupation during the year before the index year was used as a marker for socioeconomic class which was categorized into the following strata: 1, workers in goods production; 2, workers in service production; 3, employees at lower and intermediate levels; 4, employees at higher levels, executives, and university graduates; and 5, others such as pensioners, students, and unemployed.
In order to evaluate the presence of bias due to the exclusion of cases and controls with missing data on IM history, we performed several sensitivity analyses. The distribution of anti-EBNA-1 antibody levels among cases with unknown IM history was compared with that of cases that remained in the final analyses. A corresponding analysis was conducted among the controls. A sensitivity analysis was conducted in which the influence of IM on MS risk was calculated across categories of anti-EBNA-1 antibody levels, based on the 25th, 50th, and 75th percentiles among controls.
The interaction between DRB1 * 15:01, absence of A * 02:01, and elevated anti-EBNA-1 antibody levels was performed, including also those with missing data on IM history after imputing missing data using the multiple imputation chained equation procedure (16) . We also performed fictive analyses regarding the interaction between DRB1 * 15:01, absence of A * 02:01, and past IM, one in which unknown IM history was replaced by a positive answer and one in which unknown IM history was replaced by a negative answer. Finally, all analyses were additionally performed restricted to include subjects of Swedish origin. All analyses were conducted using Statistical Analysis System (SAS) version 9.4.
RESULTS
Our analyses regarding MS-associated HLA genes and aspects of EBV infection included 5,316 cases and 5,431 controls ( Table 1) . The characteristics of cases and controls, by different combinations of anti-EBNA-1 and IM status, are presented in Table 2 . Participants who were excluded due to unknown IM history did not differ with regard to anti-EBNA-1 antibody levels or frequency of DRB1 * 15:01 or A * 02:01 status compared to those with known IM history (Table 3; Figure 1) .
Overall, elevated anti-EBNA-1 antibody levels increased MS risk by 3-fold (adjusted OR 3.1, 95% CI 2.9-3.4). The risk of MS increased with increasing anti-EBNA-1 antibody levels (p for trend <0.0001). There was only a weak correlation between anti-EBNA-1 antibody levels and IM (r = 0.02, p = 0.07 among controls and r = 0.03, p = 0.01 among cases).
Overall, IM history increased the risk of MS by 70% (adjusted OR 1.7, 95% CI 1.5-1.9). The influence of IM history on MS risk was significant across all quartiles of anti-EBNA-1 antibody levels ( Table 4) .
Mediation Analysis
The total effect of elevated anti-EBNA-1 antibody levels on MS risk expressed as OR was 2.8 (95% CI 2.6-3.1). The direct effect was 2.8 (95% CI 2.5-3.1), and the indirect effect, mediated by IM, was 1.03 (0.99-1.02). Thus, the mediating effects were very small. Current smoking, n (%) 360 (34) 671 (27) 45 (28) 51 (23) 1,264 (37) 700 (28) 224 (35) 59 (21) Past smoking, n (%) 228 (21) 448 (18) 33 (20) 39 (18) 666 (19) 485 (20) 127 (20) The total effect of IM history on MS risk was 1.8 (95% CI 1.5-2.0). The direct effect was 1.7 (95% CI 1.5-2.0), whereas the indirect effect, mediated by high anti-EBNA-1 antibody levels, was negligible (OR 1.01, 95% CI 0.98-1.18).
Interaction Between Anti-EBNA-1 Status and IM
When subjects were categorized based on EBNA-1 status and IM history, each factor increased MS risk in the absence of the other; high anti-EBNA-1 antibody levels conferred a 3-fold increased risk of disease (adjusted OR 3.1, 95% CI 2.8-3.3), whereas IM history increased MS risk by 50% (adjusted OR 1.5, 95% CI 1.4-1.7). Compared with subjects with low anti-EBNA-1 antibody levels without IM history, there was a significant interaction between high anti-EBNA-1 antibody levels and IM history among subjects exposed to both factors (RERI 1.2, 95% CI 0.3-2.0) ( Table 5) . Interaction between high anti-EBNA-1 antibody levels and IM history accounted for ∼50% of the total effect.
Interaction Between HLA-DRB1 * 15:01 and HLA-A * 02:01 Alleles and EBNA-1 and IM, Respectively
Among cases and controls, the DRB1 * 15:01 allele was significantly more common among those with high than among those with low anti-EBNA-1 antibody levels (p < 0.0001 for both cases and controls, respectively), whereas DRB1 * 15:01 frequency did not differ by IM status. Among cases, A * 02:01 was significantly less common among those who reported a history of IM (p < 0.0001) regardless of EBNA-1 status ( Table 2) .
There was a three-way interaction between DRB1 * 15:01, absence of A * 02:01, and EBNA-1 status regardless of IM status ( Table 6 ). The combination of the genetic risk factors among subjects with low anti-EBNA-1 antibody levels increased the risk of MS with an OR of 4.9 (95% CI 3.9-6.1), whereas high EBNA-1 antibody levels rendered an OR of 2.3 (95% CI 1.9-2.7) among those without the genetic risk factors. However, subjects with high anti-EBNA-1 antibody levels with the genetic risk factors had a 17-fold increased risk of MS (OR 16.8, 95% CI 14.0-20.2). The formal evaluation of the interaction between DRB1 * 15:01, absence of A * 02:01, and EBNA-1 status rendered a RERI of 11.6 (95% CI 9.1-14.0). Similarly, there was a three-way interaction between DRB1 * 15:01, absence of A * 02:01, and IM regardless of anti-EBNA-1 status ( Table 7) . A history of IM among those without the genetic risk factors increased the risk of MS with an OR of 1.5 (95% CI 1.1-1.9). Compared to subjects with none of the three risk factors in question, those exposed to both genetic risk factors had an OR of 7.0 (95% CI 6.1-8.0), whereas those exposed to all three risk factors had a 14-fold increased risk of developing MS (OR 14.1, 95% CI 10.6-18.9). Evaluating the total interaction between the three risk factors rendered a RERI of 8.7 (95% CI 4.7-12.6).
The interactions between DRB1 * 15:01, absence of A * 02:01, anti-EBNA-1, and IM status are illustrated in Figure 2 . The figure is based on data from Table 8 which present the OR of MS among subjects with different combinations of DRB1 * 15:01, A * 02:01, EBNA-1, and IM status. Compared to subjects with low anti-EBNA-1 antibody levels, no IM history, and without the genetic risk factors, the OR was 27.1 (95% CI 19.1-38.5) among subjects TABLE 6 | OR with 95% CI of developing MS for subjects with different combinations of DRB1*1501, A*0201, and EBNA-1 status compared to subjects with low anti-EBNA-1 antibody levels without the genetic risk factors, overall and stratified by IM status (relative access proportion due to interaction, RERI). with high anti-EBNA-1 antibody levels and IM history carrying both genetic risk factors. We observed no suggestion of bias from the sensitivity analyses. The distribution of anti-EBNA-1 antibody levels was virtually the same among cases and controls with and without data on IM history. The results remained essentially unchanged after carrying out the analyses on the multiple imputed data, i.e., when subjects with missing data on IM history were included in the interaction analysis between DRB1 * 15:01, absence of A * 02:01, and elevated anti-EBNA-1 antibody levels.
In the fictive analyses of DRB1 * 15:01, absence of A * 02:01, and past IM, the interaction between the three risk factors remained significant when missing IM history was replaced by either a negative answer (RERI 7.8, 95% CI 4.2-11.5) or a positive answer (RERI 6.5, 95% CI 4.3-8.2). The results also remained similar when the analyses were further stratified by EBNA-1 status (data not shown). All main findings remained similar when the analyses were restricted to include subjects of Swedish ancestry (data not shown).
DISCUSSION
High anti-EBNA-l antibody levels and IM history seem to be different risk factors for MS. A significant interaction between the two aspects of EBV infection was observed, accounting for about 50% of the total effect, indicating that they are involved in the same biological pathways. Cell-mediated immune processes play a pivotal role in controlling the number of EBV-infected B cells, and high anti-EBNA-1 antibody levels may reflect a deficient control of the EBV infection, increasing the tendency toward autoimmunity.
How past IM contributes to further increase MS risk is not clear. Both individuals with subclinical infection and IM display similarly high levels of viral load in the blood, and the fraction of EBV-infected memory B cells following subclinical infection is similar to that observed in IM (17, 18) . However, subclinical infection does not evoke a massive peripheral CD8+ T cell response, whereas the symptoms of IM are caused by the patient mounting an exaggerated cellular immune response (18) . The outcome of primary EBV infection may be influenced by host genetics (19) (20) (21) , an age-related impaired CD8+ T cell function (22) (23) (24) , or changes in the CD8+ T cell repertoire in response to prior infections (25) . However, the large expansions of T cells during IM may not be associated with a more efficient control of the primary infection, and it is possible that the exaggerated immune response in IM reflects another mechanism by which autoimmunity is increased.
Both high anti-EBNA-1 IgG and past IM interact with the same MS-associated HLA risk genes (9) . Our result of an association between DRB1 * 15:01 and EBNA-1 status suggests that DRB1 * 15:01 affects the humoral response to EBV and is in accordance with previous findings of higher EBNA-1 titers among DRB1 * 15:01-positive individuals (21) . To some extent, DRB1 * 15:01 may influence the risk of MS by preventing an effective immune response to EBV, leading to EBV accumulation in B cells. It has been proposed that EBV-infected autoaggressive B cells migrate to the organ containing the self-antigen that they recognize, further allowing the infiltration of CD4+ T cells (26) . In genetically susceptible individuals, cross-reactivity between EBV and CNS antigens may induce an autoaggressive T cell response and subsequently lead to MS (27, 28) .
HLA class I genes are also involved in controlling EBV infection. Genetic differences in the class I locus have been shown to influence both the outcome of the primary EBV infection and the viral persistence (20, 21) . In the present study, the frequency of A * 02:01 was significantly lower among cases with past IM compared to both cases without IM history and controls. Expression of A * 02:01 molecules has been suggested to increase the negative selection of CNS autoreactive T cells or modulate their autoreactivity (29) . Absence of A * 02:01 may result in autoreactive T cells persisting and launching an immune response against the self-antigen. DRB1 * 15:01 and absence of A * 02:01 may thus influence and promote each other, accelerating the progression of MS.
A number of vaccine strategies against EBV have been evaluated in clinical trials. None of them induced immunity that protected from infection, but some of them lowered the rate of IM (30) . Whether the viral load in the blood will be lower among vaccinated people who become infected with EBV is uncertain. Further insight into the immune mechanisms that are critical to prevent or control EBV infection is needed. However, the long-term consequences of a vaccine against a virus that has co-evolved with humans for millions of years are unknown (31) .
Both EIMS and GEMS are case-control studies in which personal information and information on exposures and lifestyle factors were collected retrospectively. There is a potential for recall bias, especially in GEMS who used prevalent cases, but the magnitude of memory errors is probably similar among cases and controls. There is also a risk of misclassification of reported IM among cases and controls since not all IM cases are caused by EBV.
A potential selection bias may arise during the recruitment process of cases and controls. Considering the structure of the Swedish healthcare system, which provides equal free-of-charge access to medical services for all citizen, MS cases are referred to neurological units, making them eligible to be part of the studies. In both studies, the problem of selection bias was minimized by the population-based design, and even though there was a relatively high proportion of non-responders among the controls, this bias is probably modest because the prevalence of lifestyle factors, such as smoking and alcohol consumption, among the controls was consistent with that of the general population in similar ages 1 . Male participants and participants of non-Swedish origin were less prone to provide information regarding IM history. However, there were no significant differences with regard to sex or ancestry between cases and controls who did not provide information on IM history. Furthermore, there were no significant differences with respect to age, gender, or smoking habits between those who provided a blood sample and those who did not, indicating that selection bias did not take place in this step. We consider it unlikely that our findings would be affected by bias to a large extent, especially since such a bias would then depend both on HLA genotype and anti-EBNA-1 antibody reactivity. We observed no suggestion of bias from the sensitivity analyses, but we cannot completely rule out a minor degree of bias in the estimated associations due to recall bias, exposure misclassification, or residual confounding.
Anti-EBNA-1 antibody levels were measured after MS onset, and these levels were assumed to reflect levels before disease onset. This assumption is supported by findings that elevations in anti-EBNA-1 antibody levels become increased between 15 and 20 years before the first symptoms of MS and thereafter remain constant over time (32) .
In conclusion, elevated anti-EBNA1 antibody levels and IM history seem to be different risk factors for MS. The two aspects of EBV infection act synergistically to increase MS risk, indicating that they are involved in the same biological pathways. Both aspects of EBV infection interact with the same MS-associated HLA alleles with regard to MS risk.
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